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Edited by Stuart FergusonAbstract The albumin-binding domain, or GA module, of the
peptostreptococcal albumin-binding protein expressed in patho-
genic strains of Finegoldia magna is believed to be responsible
for the virulence and increased growth rate of these strains. Here
we present the 1.4 A˚ crystal structure of this domain, and com-
pare it with the crystal structure of the GA–albumin complex.
An analysis of protein–protein interactions in the two crystals,
and the presence of multimeric GA species in solution, indicate
the GA module is ‘‘sticky’’, and is capable of forming contacts
with a range of protein surfaces. This might lead to interactions
with diﬀerent host proteins.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Certain pathogenic strains of the Gram-positive bacterium
Finegoldia magna contain the GA module (protein G-related
albumin-binding) as a domain of the surface protein PAB
(peptostreptococcal albumin-binding) [1,2]. Such protein G-
like albumin-binding (GA) domains are present in several bac-
terial species, where they are believed to enable the bacteria to
be covered in vivo with a layer of human serum albumin
(HSA), and turn them into ‘‘wolves in sheep skins’’ as part
of a strategy to evade detection by the immune system. In addi-
tion to conferring increased virulence and growth, the albu-
min-binding GA domain is thought to aid in the capture of
albumin-bound nutrients.
The nuclear magnetic resonance (NMR) solution structure
for the GA module shows a three-helix bundle architecture [3]
and an X-ray structure at 2.7 A˚ resolution shows how the GA
module forms a complex with human serum albumin [4]. We
present here the crystal structure of the uncomplexed GA mod-
ule at 1.4 A˚ resolution, the highest resolution model of the GAAbbreviations: HSA, human serum albumin; GA, protein G-like
albumin-binding; NMR, nuclear magnetic resonance; rms, root mean
square
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doi:10.1016/j.febslet.2007.06.003module to date. An analysis of protein–protein interactions be-
tween GAmolecules in this lattice and between GA andHSA in
the HSA/GA complex reveals a promiscuous binding site on the
surface of GA.2. Materials and methods
2.1. Expression and puriﬁcation
The ALB8-GA gene (Entelechon GmbH, Germany) was cloned into
the expression vector pET28 (Novagen), resulting in an N-terminal
histidine-tagged construct with a thrombin protease cleavage site
(LVPRGS). The amino acid sequence of the construct was GSSHH-
HHHHSSGLVPRGSHMTIDQWLLKNAKEDAIAELKKAGITSD-
FYFNAINKAKTVEEVNALKNEILKAHA (N-terminal spacer and
hexahistidine-tag italicised). The sequence of the GA module corre-
sponds to amino acids 213–265 of protein PAB (UniProt Q51911).
Expression was performed in Escherichia coli BL21(DE3) cells (Nova-
gen), at 37 C. At mid-log phase, the cells were induced with 1 mM
IPTG. Cells were harvested after 5 h, resuspended in a lysis buﬀer con-
taining 50 mM Tris pH 8.0, 0.3 M NaCl and 10 mM imidazole, and
lysed in a Constant Cell Disruption System (Constant Systems Ltd.).
Puriﬁcation was performed on a Ni-loaded HiTrap Chelating HP col-
umn (GE Healthcare) using a 10–250 mM imidazole gradient, followed
by a Superdex S75 gel ﬁltration column (GE Healthcare) with 50 mM
potassium phosphate, pH 7.5 as elution buﬀer. The GA module, which
eluted in a single monomer peak, was identiﬁed with SDS–PAGE and
MALDI-MS and subsequently concentrated to 12 mg/ml in a 5 K
molecular weight cut-oﬀ VivaSpin centrifuge concentrator (Sartorius).
Cleavage of the puriﬁcation tag with thrombin protease was also at-
tempted [5], but due to problems with heterogeneous digestion prod-
ucts, the hexahistidine-tag was left intact.2.2. Crystallisation
The protein solution for crystallisation contained 12 mg/ml GA
module with intact His-tag and 100 mg/ml human serum albumin (Sig-
ma), resulting in an approximately 1:1 molar ratio of GA:HSA. The
protein solution also contained capric acid (Fluka) at a molar ratio
of at least 12:1 of capric acid:HSA. Crystallisation was achieved by
hanging drop vapour diﬀusion at 18 C, using a reservoir solution of
22–26% (w/v) PEG 3350, 50 mM potassium phosphate, pH 7.5 and
100 mM ammonium acetate. HSA and capric acid were found to be re-
quired for crystallisation, although HSA was not incorporated into the
crystals.2.3. Structure determination
Crystals were frozen in liquid nitrogen, using a solution of 20% glyc-
erol in mother liquor as cryoprotectant. Data were collected at 100 K
at beam line ID23-2 of the European Synchrotron Radiation Facility,
and indexed using MOSFLM [6]. Data reduction was performed with
SCALA [7]. The structure was determined by molecular replacement inblished by Elsevier B.V. All rights reserved.
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1TF0) as a search model. Structure reﬁnement in REFMAC [9],
employing TLS reﬁnement, tight main-chain and medium side-chain
NCS restraints and anisotropic B-factor reﬁnement, was cycled with
manual rebuilding in Coot [10] and O [11] as well as automatic building
in ARP/wARP [12]. The quality of the ﬁnal model was analysed using
PROCHECK [13]. Surface analysis was performed using the Protein
Interfaces, Surfaces and Assemblies (PISA) service at the European
Bioinformatics Institute [14]. All ﬁgures were generated using PyMOL
[15]. Crystallographic data and reﬁnement statistics are summarised in
Table 1. The atomic coordinates and structure factors have been
deposited with the Protein Data Bank as entry 2J5Y.
2.4. Dynamic light scattering (DLS)
Measurements of DLS data were performed in a DynaPro-801TC
(Protein Solutions) instrument at 15 C, using a solution of 12 mg/ml
His-tagged GA module in 50 mM potassium phosphate, pH 7.5.Table 1
Crystallographic data collection and reﬁnement statistics
Data collection
X-ray source ESRF Grenoble, ID23-2
Wavelength (A˚) 0.873
Space group P21
Unit cell a = 25.8 A˚, b = 58.1 A˚,
c = 40.6 A˚, b = 90.03
Number of unique reﬂections 22273 (2485)
Multiplicity 2.5 (2.2)
Completeness (%) 94.4 (72.6)
Rmerge
a 0.069 (0.242)
Rp.i.m.
b 0.055 (0.197)
ÆI/r(I)æc 11.7 (2.8)
Reﬁnement
Resolution (A˚) 40.6–1.4
Number of reﬂections 21101 (1100)
Number of non-hydrogen protein atoms 1038
Number of solvent atoms 183
Rwork (%)
d 14.8 (18.9)
Rfree (%)
e 19.9 (23.1)
Wilson B-factor 13.1
Deviations from ideal values in
Bond distances (A˚) 0.015
Bond angles () 1.610
Torsion angles () 4.963
Average atomic B-factors
All protein atoms (A˚2) 12.4
Main-chain (A˚2) 10.8
Side-chain (A˚2) 13.8
Solvent atoms (A˚2) 30.4
Ramachandran statistics
Residues in most favoured region (%) 98.2
Residues in disallowed region (%) 1.8
The values in parentheses refer to the highest resolution shell; 1.48–
1.40 A˚ for data collection, and 1.44–1.40 A˚ for reﬁnement.
aRmerge ¼
P
hkl
P
ijI iðhklÞ  hIðhklÞij=
P
hkl
P
iðI iðhklÞÞ, where Ii(hkl) is
the ith intensity measurement of reﬂection (hkl) and ÆI(hkl)æ is the
weighted average of all measurements of I.
bRp:i:m: ¼
P
hkl
pð1=ðN  1ÞÞPijI iðhklÞ  hIðhklÞij=
P
hkl
P
iðI iðhklÞÞ,
where Ii(hkl) is the ith intensity measurement of reﬂection (hkl), N is
the redundancy, and ÆI(hkl)æ is the weighted average of all measure-
ments of I.
cÆI/r(I)æ indicates the average of the intensity divided by its standard
deviation.
dRwork ¼
P kF oj  kjF ck=
P jF oj, where Fo and Fc are the observed
and calculated structure factor amplitudes.
eRfree is the same as Rwork but for 5% of the data randomly omitted
from reﬁnement.3. Results
3.1. Overall structure of the GA dimer
The crystal structure of the GA module shows an asymmet-
ric dimer in the lattice (Fig. 1A), similar to the crystal struc-
ture of yeast hexokinase [16]. The dimerisation surface
includes helices 1 and 3 in chain B, and helices 2 and 3 of
chain A. A comparison of the present crystal structure with
the two previously reported structures, the NMR solution
structure [3], and the crystal structure of the GA module in
complex with HSA obtained by X-ray crystallography [4],
reveals no major diﬀerences in the overall conformation of
the three-helix bundle architecture (Fig. 1B). The GA model,
reﬁned using data to 1.4 A˚ resolution in the present work,
includes 8 out of 20 residues of the His-tag. We use zero
and negative sequence numbers for the His-tag residues (from
0 to 7).3.2. The GA dimer interface
The two GA chains form a dimer with chain B tilted with re-
spect to chain A, bringing the axes of helix 1 in the two chains
into an angle of approximately 25. This results in an interface
with a surface area of approximately 430 A˚2, involving helices
2 and 3 of chain A and the N-terminal half of helix 1 of chain
B. Two of the 22 residues making up the dimer interface come
from the His-tags. A prominent feature of the interface is the
non-polar groove constituted by Ile2, Trp5, Leu6, Leu7,
Ala10 and Val38 of chain B, which accommodates Phe27 pro-
truding from helix 2 of chain A (Fig. 1C). The hydrophobic
surface is further stabilised by a bridging hydrogen bond be-
tween Tyr28 in chain A and Asp3 in chain B. An additional
interaction region is situated in the interface involving residues
from helix 3 of chain A and the N-terminus of chain B, where
Glu47 from chain A forms a 2.8-A˚ salt bridge with Arg(-4)
from chain B.3.3. Dynamic light scattering
Dynamic light scattering data (Table 2) give an average
hydrodynamic radius of 2.7 nm, an average polydispersity of
0.4 nm (the standard deviation of the spread of the particle
size), a count rate ﬂuctuation of 4.8% and an average sum-
of-squares error parameter of 1.52 (this parameter suggests
negligible error in the measurement). The molecular weight
(MW) of the monomer is 8000, and the estimated MW for
the 2.7 nm particle is 32000. Hence the results indicate that
the dominant species in this solution is the tetrameric form
of the GA module. However, the 0.4 nm polydispersity param-
eter is 15% of the measured hydrodynamic radius, and this
high value is the upper limit for which monodispersity may still
be assumed. The sample may thus contain other oligomeric
species (e.g., dimers and monomers) at low concentrations,
probably below a few percent.4. Discussion
Our analysis of the interaction of the GA module in various
crystal forms exploits the fact that a protein crystal is a macro-
scopic protein complex, where the ordered three-dimensional
arrangement of protein molecules is maintained by well-de-
ﬁned and stable protein–protein interactions. We reason that
Fig. 1. Overall structure of the GA dimer. (A) Ribbon representation of the two GA chains A and B, shade-ramped according to atomic B-factor,
ranging from minimum (4.4 A˚2) in black to maximum (34.0 A˚2) in white. Helices are marked h1–h3. (B) Least-squares superposition of the Ca chains
of the three GA structures, using residues 1–53. Chain A of the crystal GA dimer is shown in green, with the N-terminal tag in yellow, the NMR
structure (PDB code 1PRB) is shown in grey, and the HSA-bound GA structure (PDB code 1TF0) is shown in magenta. When making pairwise
structural alignments of the Ca atoms in residues 1–53 of the crystal GA dimer and those of the other two structures, the NMR structure and the
HSA-bound GA structure, the rms distances are 2.48 A˚ and 1.00 A˚, respectively. Chain A and chain B of the dimer give identical results. (C) The GA
dimer interface. Chain A is shown in green, and chain B in cyan. Key interface residues are shown as sticks, with the 2mFo–DFc omit electron density
map contoured at 1.0r level covering the residues.
Table 2
Dynamic light scattering measurement and analysis
Measurement # Amplitudea Modalityb Diﬀusion
coeﬃcientc
(1013 m2/s)
Hydrodynamic
radius RH
(nm)
Polydispersityd
(nm)
Estimated
MW
Photon
count rate
(cts/s)
Baselinee SOS errorf
1 0.881 Mono 524 2.7 0.3 33 390302 0.998 1.694
2 0.879 Mono 509 2.8 0.7 36 387649 1.000 1.346
3 0.878 Mono 526 2.7 0.2 33 382208 0.998 1.312
4 0.874 Mono 533 2.7 0.3 32 377367 0.999 1.084
5 0.884 Mono 533 2.7 0.5 32 369102 0.997 1.299
6 0.885 Mono 528 2.7 0.2 33 366161 0.998 1.873
7 0.885 Mono 532 2.7 0.2 32 364870 0.998 1.159
8 0.881 Mono 541 2.7 0.6 31 362576 0.997 1.284
9 0.882 Mono 548 2.6 0.6 30 360879 0.998 2.621
10 0.047 Bimodal 3681 0.4 – 0 360278 0.997 0.420
0.867 Bimodal 524 2.8 – 33
aThe amplitude denotes the scattering amplitude measured for each component, proportional to the intensity of the light scattered by particles of the
given radius.
bMono-modality indicates that the main peak corresponds to more than 95% of the sample material.
cThe diﬀusion coeﬃcient represents the translational diﬀusion coeﬃcient (DT) of the molecule in solution.
dThe polydispersity denotes the standard deviation of the spread of the particle sizes about the reported mean radius, where ‘‘–’’ signiﬁes negligible
polydispersity.
eThe baseline represents the completeness of ﬁt of the monomodal and bimodal regression analyses. A baseline of 0.997–1.002 indicates that the
distribution is monomodal and can be fully resolved with a single exponential autocorrelation decay function.
fThe SOS (sum-of-squares) error is the average sum-of-squares error parameter, which is a measurement of the closeness of the ﬁt between the
experimental data and an autocorrelation function generated from the analysis results. A value of 1.0–5.0 corresponds to negligible error.
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relevant protein–protein interactions. A quantitative analysis
of protein–protein interactions between chain A and chain B
of the GA module was performed using PISA [14]. The analysis
shows there is one main interface, consisting of two protein-
binding surfaces located on two diﬀerent parts of the GA mod-
ule (Fig. 2A and B). The P-value of the solvation free energy
gain (DiG) for this main dimer interface is 0.225. A P-value
lower than 0.5 implies that the dimer interface observed in
the crystal is interaction-speciﬁc. The PISA analysis of the
GA dimer shows that the main interface involves 11 residues
from chain A (residues Phe27, Tyr28, Ala31, Lys34, Glu40,
Ala43, Leu44, Glu47, Ile48, Lys50 and Ala51), plus another
11 but diﬀerent residues from chain B (Leu(-7), Arg(-4), Ile2,
Asp3, Trp5, Leu6, Leu7, Asn9, Ala10, Val38 and Asn42).The buried interface area corresponds to about 10% of the to-
tal surface area of each chain. Phe27 from chain A is occluded
from surrounding solvent by being partly buried in a non-po-
lar pocket on the surface of chain B. This non-polar pocket (or
groove) is formed by residues Ile2, Trp5, Leu6, Leu7, Ala10
and Val38 in chain B. Adjacent to this non-polar interaction,
Tyr28 and Glu47 form polar contacts with residues in chain
B. These interactions are reminiscent of interactions observed
in the binding surface of the HSA-bound GA module
(Fig. 2C), where Phe27 is buried in a hydrophobic pocket on
the surface of domain IIB in HSA (Phe209, Phe326 and
Met329 in Fig. 2D), ﬂanked by an adjacent hydrogen bond
network, involving GA residues Tyr28 and Glu47, among oth-
ers. The three key residues pinpointed by the current analysis,
Phe27, Tyr28 and Glu47, were conﬁrmed by a recent NMR
Fig. 2. Electrostatic potential surface representations of GA binding interfaces. Red indicates negatively charged surface areas and blue indicates
positively charged surface areas. Key interface residues are indicated with text. The binding surfaces are marked with yellow borders. (A) Chain A of
the crystal GA dimer. (B) Chain B of the crystal GA dimer. (C) The binding site for HSA on the GA module. (D) The GA-binding surface on HSA.
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HSA and for conferring species speciﬁcity.
In addition to the extensive dimer interface, four more inter-
molecular contact regions can be observed in the crystal struc-
ture, involving symmetry-related chains in the unit cell. These
protein–protein interactions are less extensive than the relevant
dimer contacts. Chain A and B form crystal contacts between
their N-termini, via a hydrogen bond between Ser(-2) and
Asp3 and also between the N-terminus of chain B and the
interhelical region between helices 1 and 2 in chain A, where
Leu(-7) and Thr24 form a hydrogen bond. Chain A and a sym-
metry-related A chain in the lattice form contacts via their
interhelical loops, involving Thr37 and Glu39 from the loop
region between helices 2 and 3 in one A chain and Ile23 and
Thr24 from the loop between helices 1 and 2 in the symmetry
mate. The B chain also associates with a symmetry-related B
chain in the lattice; His(-1) and Lys8 form bonds with Tyr28
and Ala53, respectively, in the symmetry mate.
The dynamic light scattering (DLS) studies of the GA mod-
ule show that the sample is predominantly tetrameric at a con-
centration of 12 mg/ml. The DLS results indicate more than
one protein-binding surface on the GA module in solution,
and, to some extent, also account for dimerisation in the crys-
tal despite a monomeric state in low concentrations.
Previous chemical shift perturbation studies [18] of the GA
module upon addition of albumin lend some additional sup-
port to the presence of GA–GA interactions in solution. The
cited study reports 18 signiﬁcantly perturbed residues in GA.
The crystal structure of the HSA/GA complex shows that six
of these 18 residues do not participate in protein–protein inter-
actions with human serum albumin. However, we ﬁnd three of
these six residues (Trp5, Val38, Asn42) participating in pro-
tein–protein interactions on the dimer interface between GA
modules in the current crystal structure. It is possible that
the unexpected perturbations observed in the NMR work
might have arisen from GA–GA contacts.
Prior to the studies reported here, attempts at crystallising
the GA module alone have been unsuccessful. During crystal
improvement screens of the HSA/GA complex [4] using a hexa-
histidine-tagged GA module, crystals of GA dimers were
formed in crystallisation drops with PEG concentrations lower
than 26%, despite HSA being present at concentrations nor-
mally resulting in crystallisation of the complex (>100 mg/
ml). It seems that decreased crowding in the crystallisation
medium favours introduction of the GA module into a GA-
only crystal lattice. An increase in PEG concentration to atleast 26% (w/v) instead results in crystallisation of the HSA/
GA complex. Although crystals of the GA module could not
be obtained without HSA and capric acid in the crystallisation
solution, no electron density could be observed for either HSA
or capric acid.
In summary, the present work suggests a possibility that the
GA module has multiple interaction modes for binding to a
partner. We note in particular that part of the HSA-binding
surface on the GA module also has the capability of forming
interactions with a non-HSA surface, indicating a degree of
promiscuity in the possible protein–protein interactions involv-
ing the HSA-binding site on the GA module. Apart from this
HSA-binding surface, we also identify a dimerisation-only sur-
face, the presence of which is partly supported by earlier chem-
ical shift perturbation studies. Based on these results, we
speculate that the HSA-binding surface on the GA module
might have a broader interaction spectrum than previously
thought, possibly with implications for the range of protein–
protein interactions the GA module may form in plasma.
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